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We have previously shown that Rev-dependent expression of HIV-1 Gag from CMV immediate early promoter critically depends on the AU-
rich codon bias of the gag gene. Here, we demonstrate that adaptation of the green fluorescent protein (GFP) reporter gene to HIV codon bias is
sufficient to turn this hivGFP RNA into a quasi-lentiviral message following the rules of late lentiviral gene expression. Accordingly, GFP
expression was significantly decreased in transfected cells strictly correlating with reduced RNA levels. In the presence of the HIV 5′ major splice
donor, the hivGFP RNAs were stabilized in the nucleus and efficiently exported to the cytoplasm following fusion of the 3′ Rev-responsive
element (RRE) and coexpression of HIV-1 Rev. This Rev-dependent translocation was specifically inhibited by leptomycin B suggesting export
via the CRM1-dependent pathway used by late lentiviral transcripts. In conclusion, this quasi-lentiviral reporter system may provide a new
platform for developing sensitive Rev screening assays.
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Viruses evolved individual strategies to control coordinated
gene expression and selectively promote their mRNA export
by recruiting cellular key players of general trafficking
pathways (reviewed in Cullen, 2003). The retroviral and in
particular the HIV-1 nuclear export system significantly
contributed to our present understanding of mRNA export.
Arising from a complicated pattern of alternative splicing
events, more than 40 viral mRNAs are made from a single
genome-length transcript and are basically classified into three
species of various length (Schwartz et al., 1990). The ∼2-kb
short mRNAs encoding the regulatory proteins Tat, Rev, and
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doi:10.1016/j.virol.2006.05.001by the late ∼4.3-kb intermediate and ∼9.2-kb unspliced
mRNAs coding for structural and accessory proteins (Kim et
al., 1989). This temporal pattern of protein expression strictly
depends on the presence of the trans-active Rev protein
promoting the nuclear export of late HIV-1 RNAs via
interaction with a complex 351-nt RNA stem-loop structure,
the so-called Rev-responsive element (RRE) (Olsen et al.,
1990; reviewed in Cullen, 2003). The Rev protein shuttles
back into the nucleus where it binds to this cis-acting target
sequence contained in all late incompletely spliced HIV
transcripts directing them into the CRM1-dependent export
pathway (Fornerod et al., 1997; Neville et al., 1997). This
pathway is generally utilized by cellular NES-containing
proteins and U-rich small nuclear and 5S ribosomal RNAs
(Fischer et al., 1995).
Although Rev/RRE interaction is a prerequisite for HIV-1
late gene expression (Emerman et al., 1989; Fischer et al., 1994;
Malim et al., 1989b, 1990), the critical contribution of different
cis-acting elements to nuclear retention of incompletely spliced
transcripts is still not fully clarified. Usually, intron-containing
cellular RNAs are recognized by nuclear splicing commitment
factors that keep the message from leaving the nucleus until
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1989; Legrain and Rosbash, 1989). Since Rev, by promoting
export of unspliced RNAs overcomes the export restrictions
imposed by the splicing factors, the mutual influence of Rev
function and the cellular splicing machinery has been
investigated extensively (Mikaelian et al., 1996, Lu et al.,
1990). Based on these studies, it was suggested that Rev
directly interferes with splicing and rescues the export of
RNAs entrapped within the splicing machinery by active
disassembly of the spliceosomes (Chang and Sharp, 1989;
Kjems et al., 1991) that comprise ∼300 splicing-related
factors (reviewed in Jurica and Moore, 2003). However, a
current model favors a rather indirect mechanism where Rev
expression promotes nuclear RNA export thereby reducing
the amount of substrates in the nucleus available for splicing
(reviewed in Hope, 1999).
Whereas the 1st and the 4th 5′ splice donor sites used in
nearly all spliced transcripts have been shown to be used
very efficiently, further investigations descried suboptimal
splice acceptor (SA) sites as assignable cause for the
relatively inefficient splicing of late HIV-1 transcripts and
thus, the resulting variety of alternatively spliced products
(O'Reilly et al., 1995; Staffa and Cochrane, 1994). However,
Rev function is not solely determined by inefficient splicing
but also depends on the presence of a strong 5′ splice site as
has been demonstrated for successful expression of env
mRNAs (Lu et al., 1990). Assembly of the spliceosome is
initiated by binding of U1 snRNP to the 5′ splice site via
complementary base pairing. Additionally, the 5′ splice donor
site is necessary to protect the viral pre-mRNAs from nuclear
degradation. This stabilizing function of the splice donor
(SD) could be strictly separated from the splicing function
(Kammler et al., 2001).
Furthermore, cis-acting inhibitory sequences referred to as
exonic splicing silencer (ESS) and shown to derogate
splicing efficiency have been found adjacent to or within
tat and rev exons (Amendt et al., 1994; Si et al., 1998).
However, the sole impact on splicing-related events appeared
insufficient to explain Rev's line of action as late HIV-1
transcripts remain Rev-dependent even in the absence of
functional splice sites (Nasioulas et al., 1994). A further role
in negative regulation of late HI-viral gene expression has
been assigned to less characterized AU-rich RNA sequence
elements (Maldarelli et al., 1991; Olsen et al., 1992). Indeed,
several cis-acting repressive (CRS) or inhibitory (INS)
sequences have been located in the coding regions of
p17MA, p24CA, pol, and env including the RRE (Brighty and
Rosenberg, 1994; Cochrane et al., 1991; Nasioulas et al.,
1994; Schwartz et al., 1992a, 1992b). Accordingly, muta-
tional inactivation of the corresponding sequences within gag
allowed for Gag expression in the absence of Rev (Schneider
et al., 1997; Schwartz et al., 1992a, 1992b).
Moreover, we and others could previously demonstrate that
Rev dependence can be overcome completely by adapting the
codon usage of late HIV-1 transcripts to the codon preference
of mammalian genes (Graf et al., 2000; Haas et al., 1996;
Kotsopoulou et al., 2000; Wagner et al., 2000). Thesemodifications allowed for a constitutive nuclear export of
the corresponding messages even in the absence of a 5′ splice
donor and a 3′ RRE (Graf et al., 2000). Taken together, these
findings suggest that Rev dependence of late lentiviral
transcripts relies on (i) a functional 5′ splice donor in the
UTR, (ii) AU-rich codon usage, and (iii) the presence of weak
splice acceptor signals. To prove this hypothesis, these signals
thought to be important for regulating late lentiviral gene
expression were conferred to gfp gene. This study clearly
demonstrated that a randomly chosen codon-optimized gene
can be subjected to late lentiviral gene regulation exhibiting
typical stability features of HI-viral nuclear mRNAs and strict
Rev dependence.
Results
Design of quasi-lentiviral GFP reporter plasmids
Lately, we have shown by using a subgenomic Gag
reporter that the strict regulation of late HI-viral gene
expression mainly determined by strong splice donor and
weak acceptor signals, AU-rich codon bias and Rev
dependence can be overcome by conferring mammalian
codon usage on the HIV-1-derived gag gene (Graf et al.,
2000). In order to determine whether these characteristics of
late HI-viral gene regulation can in return be transferred to
any non-viral transcript, a cell culture system based on a
common reporter gene was established. For this purpose, a
synthetic version of a GFP-encoding gene was generated,
exhibiting the codon bias of HIV-1 gag. Accordingly,
sequence homology between the resulting synthetic sequence,
referred to as hivGFP and the original codon-optimized and
thus, humanized variant huGFP was reduced to 68%, whereas
the amino acid composition of the corresponding gene
products remained unaltered (Fig. 1).
In order to mimic the natural shape of unspliced HIV-1
RNAs, the GFP variants were provided with cis-active
elements known to contribute to temporally regulated HIV-1
gene expression. Thus, the 103-bp 5′ untranslated region
(UTR) comprising the major splice donor (SD) with a match
to the consensus sequence C/AAG/GU
A/GAGU was cloned
upstream of the GFP encoding genes. In addition, a 861-bp
fragment representing the highly structured cis-acting Rev-
responsive element (RRE) was inserted downstream of the
GFP encoding sequences to allow for Rev binding and Rev-
mediated RNA export. Additionally, this fragment harbors the
terminal splice acceptor site of the HIV-1 genome known to
be used very inefficiently (O'Reilly et al., 1995; Staffa and
Cochrane, 1994). Alternatively, the RRE region was replaced
by the Mason-Pfizer monkey virus (MPMV) constitutive
transport element (CTE)—a functional analog of the Rev/
RRE nuclear translocation system (Bray et al., 1994). Finally,
all gfp sequences were put under transcriptional control of the
CMV immediate early promoter enhancer unit in order to
circumvent the anti-repressor Tat/TAR regulation of the LTR
promoter. An overview of all used reporter constructs is given
in Fig. 2.
Fig. 1. Sequence alignment of the humanized (upper sequence) and HIV-adapted (lower sequence) gfp genes with corresponding GFP amino acids indicated below the
second base of each triplett. The original AT-content of huGFP (37%) was elevated to 69% in hivGFP yielding a final homology of 68% for both sequences.
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reporter genes in mammalian cells
The influence of HIV-like codon bias upon GFP expression
was analyzed by transient transfection of H1299 cells with the
various reporter constructs and subsequent Western blot
analysis (Fig. 3A). Whereas GFP expression from all
humanized reporter genes proved to be comparably efficient,
no specific signal was detected in hivGFP transfectants using a
GFP-specific antibody, irrespective of 5′ or 3′ cis-acting
elements. In order to exclude the possibility that inefficient
expression of hivGFP is due to compromised translation
efficiency, all GFP-constructs were subjected to a coupled
transcription/translation assay. As depicted in Fig. 3B, the in
vitro approach yielded almost equal amounts of GFP for allconstructs indicating that the AU-rich codon usage of the
hivGFP gene had no major impact on translation.
Efficient expression of hivGFP requires a functional Rev/RRE
system and the 5′ major SD within the upstream untranslated
region
In order to assess the Rev responsiveness of the various GFP
encoding genes, human H1299 cells were transiently trans-
fected with the GFP reporter constructs in the absence or
presence of a Rev expression plasmid. GFP expression was
analyzed by Western blot using a GFP-specific antibody. As
shown in Fig. 4A, high level GFP expression driven by the
humanized reporter gene (huGFP) was completely independent
of a functional Rev/RRE system and remained unaltered when
Fig. 4. Analysis of Rev-dependent GFP expression. H1299 cells were transiently
transfected with 15 μg of the indicated GFP expression plasmids, respectively.
To determine the Rev dependence of the GFP expression constructs, 15 μg of
either pcDNA3.1 (−) or a Rev expression vector (+) were cotransfected as
depicted, and cells were harvested 48 h posttransfection. For Western blot
analysis 50 μg of cell lysates was separated by 12.5% SDS-PAGE, and GFP
expression was analyzed using a GFP-specific antibody. Positions of molecular
weight markers are indicated on the left (A). To quantify GFP expression,
transfected cells were subjected to FACS (black bars) or fluorimeter (grey bars)
analysis (B). The means obtained from two independent FACS analyses are
given as percentage of huGFP-derived fluorescence.
Fig. 2. Schematic representation of HIV-adapted (hiv) and humanized (hu) GFP
expression plasmids. Black boxes represent HIV-adapted GFP encoding genes
(hivGFP), whereas open boxes represent humanized GFP encoding genes
(huGFP). cis-Acting elements like the 5′ untranslated region (UTR), the 3′
HIV-1 Rev-responsive element (RRE) or the 3′ MPMV-derived CTE were
fused to the GFP reading frames as indicated.
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expression from the HIV-adapted hivGFP-RRE construct was
hardly detectable neither in the absence nor in the presence of
Rev. Addition of 5′ UTR provided prerequisites for rescuing of
GFP expression by Rev, which did, however, not reach the
levels achieved by huGFP. Comparable results were obtained
with different cell lines (COS-7, HeLa) basically ruling out a
contribution of cell-type-specific factors to the observed effectsFig. 3. Expression analysis of the humanized (hu) and quasi-lentiviral (hiv)GFP
reporter genes. H1299 cells were transiently transfected with 15 μg of the
indicated GFP expression plasmids, respectively. Cells were harvested 48 h
posttransfection and 50 μg of cell lysates was subjected to Western blot analysis
following separation by 12.5% SDS-PAGE. GFP expression was analyzed using
a GFP-specific antibody. Positions of molecular weight markers are indicated on
the left (A). 500 ng of each reporter plasmid was subjected to coupled in vitro
transcription/translation using a rabbit reticulocyte lysate. [35S]-labeled proteins
were separated by SDS-PAGE and visualized by autoradiography (B).(data not shown). Thus, in accordance with our previous
findings (Graf et al., 2000), these data strongly support the
requirement of a functional major SD for successful expression
of quasi-HIV-1 gene products.
For quantitative evaluation of GFP expression, 293T cells
transfected with the various reporter constructs in presence or
absence of Rev were subjected to FACS analysis (Fig. 4B). To
quantify GFP expression derived from two independent
transfections, fluorescence measured in huGFP transfectants
was set to 100% and values obtained with all other constructs
were calculated accordingly (black scale bars). Cells transfected
with UTR-huGFP-RRE showed a slightly diminished fluores-
cence (∼80%) compared to huGFP-transfected cells and GFP
expression was further reduced following cotransfection of pc-
Rev. As expected, cells transfected with hivGFP-RRE hardly
showed any green fluorescence even when Rev was present.
GFP expression was elevated to a small extent when the 5′
major SD was provided in cis and was finally increased to
∼40% in the presence of Rev, which corresponds to the 10-fold
transaction rate reported for the subgenomic Gag reporter (Graf
et al., 2000) and is only slightly below the value measured for
UTR-huGFP-RRE and Rev. These results were nicely reflected
when GFP production from transfected cells was quantified in a
fluorimeter (grey scale bars).
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findings using a codon-optimized gag gene (Graf et al.,
2000) and suggest that the presence of cis-active elements
located up- and downstream of the GFP encoding region
have only a minor effect upon expression of the humanized
gene variant, whereas these elements proved to be essential
to drive Rev-dependent expression of the HIV-adapted
reporter. However, although this fully equipped HIV-like
gene did not reach huGFP expression levels, coexpression of
UTR-huGFP and UTR-hivGFP together with RRE resulted
only in minor differences, indicating that these HIV-derived
cis-active elements prove to be highly functional also in this
artificial system.
Expression of HIV-adapted GFP depends on the nuclear export
mechanism of late HIV-1 genes
To further evaluate the significance of Rev function for
RNA export of the GFP reporter transcripts, H1299 cells
were transfected with UTR-huGFP-RRE or UTR-hivGFP-
RRE and cotransfected with either (i) pc-Rev or (ii) pc-
RevM10 encoding a transdominant negative Rev mutant
(Malim et al., 1989a). Additionally, cells were cotransfected
with HX10 in order to examine the efficacy of wild-type Rev
derived from a proviral background (Fig. 5A). Western blot
analysis of the transfected cells revealed that neither functional
nor deficient Rev proteins significantly influenced high level
expression of huGFP (Fig. 5A, lanes 1–4). In contrast,
expression of hivGFP depended on the presence of wild-type
Rev, irrespective of its origin (Fig. 5A, lanes 5–7). AsFig. 5. Influence of functional and export-deficient Rev proteins on GFP expression.
hivGFP-RRE and 15 μg of the indicated Rev expression plasmids. Cells were harvest
analysis (A). GFP expression was detected using a GFP-specific antibody. Position
RevM10 effects, H1299 cells were transiently cotransfected with 7 μg of UTR-hiv
expression plasmid or pcDNA3.1 as indicated. Cells were harvested 48 h posttran
Fluorescence from cells lacking the RevM10 plasmid was set to 100%. Dose-depen
transient cotransfection of H1299 cells with 5 μg of UTR-hivGFP-RRE and 5 μg Re
Cells were harvested 48 h posttransfection and subjected to FACS analysis (C). Fluexpected, the RevM10 mutant was not able to rescue hivGFP
transcripts, whereas endogenous levels of HX10-derived Rev
were sufficient to support nuclear export of the HIV-like reporter
RNAs. These results clearly demonstrate that successful
expression of the quasi-lentiviral reporter construct UTR-
hivGFP-RRE critically depends on the presence of a functional
Rev protein.
To determine the extent, to which Rev-mediated expression
of hivGFP might be influenced by RevM10, H1299 cells
were cotransfected with constant amounts of UTR-hivGFP-
RRE plus wild-type Rev and increasing amounts of RevM10,
and GFP expression was quantified in a fluorimeter. As
summarized in Fig. 5B, Rev-mediated GFP expression was
inhibited by RevM10 in a dose-dependent manner.
The Streptomyces-derived metabolite leptomycin B (LMB)
is another well-known inhibitor of Rev function based on its
ability to directly interfere with the interaction of Rev's
nuclear export signal with CRM1 (Fornerod et al., 1997;
Kudo et al., 1998). Since LMB has been shown to
specifically block Rev function in the nanomolar range
(2–10 nM) (Fischer et al., 1995; Wolff et al., 1997), its
influence on the quasi-lentiviral reporter gene was examined.
Indeed, UTR-hivGFP-RRE transcripts proved to be susceptible
to LMB treatment in the presence of Rev. This LMB-mediated
inhibition of hivGFP expression was shown to be concentra-
tion-dependent in FACS (Fig. 5C) and Western blot analysis
(data not shown), suggesting that Rev-mediated nuclear
translocation of the UTR-hivGFP-RRE mRNAs is guided
specifically via the CRM1-dependent pathway used by late
lentiviral HIV-1 transcripts.H1299 cells were cotransfected with 15 μg of either UTR-huGFP-RRE or UTR-
ed 48 h posttransfection, and 50 μg of total protein was subjected to Western blot
s of molecular weight markers are indicated on the left. For further analysis of
GFP-RRE and 3.5 μg of pc-Rev together with increasing amounts of RevM10
sfection, and 50 μg of total protein was subjected to fluorimeter analysis (B).
dent inhibition of Rev-dependent GFP expression by LMB was analyzed upon
v expression vector in the presence of increasing amounts of LMB as indicated.
orescence from cells lacking LMB was set to 100%.
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mRNAs from rapid nuclear degradation
To further study the contribution of RNA stability and
nucleo-cytoplasmic transport of reporter transcripts to differen-
tial expression of the various gfp genes, RNAs purified from
nuclear and cytoplasmic compartments of reporter-transfected
H1299 cells were subjected to Northern blot analysis.
Radiolabeled RRE antisense riboprobes were used to quantify
both wild-type and HIV-adapted GFP encoding transcripts from
nuclear and cytoplasmic fractions. As demonstrated in Fig. 6B,
the cytoplasmic levels of GFP-encoding RNAs nicely correlated
with GFP expression patterns obtained from Western blot or
FACS analyses (Fig. 4) confirming that differential GFP
expression was not caused by attenuated translational efficien-
cies. However, an in depth analysis of the corresponding nuclear
and cytoplasmic fractions revealed that rather (i) stability of
nuclear RNAs, (ii) alternative splicing events and (iii) codon
usage itself account for the observed differences in GFP
production. These principles have also been proposed to mainly
drive differential expression of wild-type and humanized Gag in
former studies (Graf et al., 2000). Accordingly, hivGFP mRNAs
lacking the 5′ major SD appeared to be degraded in the nucleus
irrespective of Rev being present and were therefore not
detectable neither in the nucleus nor in the cytoplasm (Fig. 6).
Although small amounts of hivGFP mRNAs comprising the
5′ UTR were visible in the cytoplasmic cell fraction in the
absence of Rev, the majority of UTR-hivGFP-RRE transcripts
was only efficiently translocated to the cytoplasm when Rev
was provided in trans leading to a >10-fold increase in
cytoplasmic hivGFP mRNAs. An additional shorter RNA
variant was detected in the cytoplasmic fractions and to a lesser
extent in the nuclear fractions of cells transfected with UTR-
hivGFP-RRE, suggesting that the 5′ major SD promotes partial
splicing of hivGFP transcripts. In analogy to the multiply
spliced lentiviral RNAs, these shorter transcripts were contin-
uously exported from the nucleus even in the absence of RevFig. 6. Cellular distribution of hivGFP and huGFP mRNAs. H1299 cells were
transfected with the indicated GFP reporter constructs in the absence (−) or
presence (+) of a Rev expression plasmid. Cells were harvested 48 h
posttransfection and polyadenylated mRNAs isolated from nuclear (A) and
cytoplasmic (B) cell fractions were subjected to Northern blot analysis. GFP
encoding transcripts were detected using a radiolabeled RRE antisense
riboprobe (upper panel). Beta-actin RNA was used for standardization (lower
panel).and thus, dominated over the full-length RNAs in the
cytoplasm. Expectedly, cotransfection of Rev caused an
increase in nucleo-cytoplasmic export of the unspliced RNA
species by promoting usage of the CRM-1-mediated pathway,
which resulted in significantly enhanced levels of full-length
hivGFP RNAs detectable in the cytoplasm.
Presence of the 5′ major SD also induced partial splicing of
the huGFP RNAs, all of which were efficiently exported to the
cytoplasm in a Rev-independent manner. Accordingly, the
spliced huGFP RNAs are not supposed to contribute to
quantitative GFP expression and might thus explain the
observed decrease in huGFP expression in the presence of the
5′ UTR (Fig. 4B). Nonetheless, compared to the hiv-like GFP
transcripts the full-length humanized GFP variants still reached
higher levels of total RNA in both the nuclear and cytoplasmic
fractions of transfected cells. These results clearly argue for the
critical contribution of nucleic acid composition to RNA
stability, nucleo-cytoplasmic RNA export and, thus, expression
efficiency of the corresponding reporter RNAs.
The MPMV-derived constitutive nuclear transport element
partially rescues quasi-lentiviral mRNA export
The highly specific lentiviral Rev/RRE-system was demon-
strated to be functionally replaced by a cis-acting element
present in incompletely spliced RNAs of less complex retro-
viruses like the Mason-Pfizer monkey virus (MPMV). Unlike
the two-component Rev/RRE system, this MPMV-derived
constitutive transport element (CTE) directly binds to the
cellular mRNA export receptor TAP (Grüter et al., 1998), and
unspliced RNAs are subsequently translocated through the
nuclear pore by a Ran-independent mechanism (Braun et al.,
1999; Kang et al., 2000; Kang and Cullen, 1999). As CTE has
been shown to substitute for Rev/RRE function in the context of
late HIV-1 transcripts (Bray et al., 1994), the capability of a 3′
located CTE to promote nuclear export of the HIV-adapted GFP
RNA in cis was analyzed. As demonstrated by Western blot
analysis of transfected 293T cells, expression of the humanized
GFP variant was not visibly affected by the 3′ CTE (Fig. 7). In
contrast, CTE was capable of rescuing hivGFP mRNAs
depending, however, on the presence of the 5′ UTR. These
results clearly indicate that CTE-mediated mRNA translocation
is independent of additional viral cofactors, whereas nuclear
export of RRE-containing mRNAs absolutely depends on Rev
function. Nevertheless, Rev/RRE interaction resulted in higher
GFP expression than the CTE-based mechanism, suggesting
that CTE can only partially replace the established Rev/RRE
system in the examined cell line. However, CTE-mediated GFP
expression was comparable to expression levels obtained via
Rev/RRE in H1299 cells (Fig. 7B) confirming the former
observation that efficiency of CTE function depended on the
used cell line (Bray et al., 1994). Moreover, we could
demonstrate that unlike the Rev/RRE-dependent UTR-hivGFP
variant, expression of the UTR-hivGFP-CTE reporter was not
significantly influenced by LMB (Fig. 7B) supporting the
assumption that both RNA species were translocated via
different export pathways.
Fig. 7. Comparison of Rev/RRE- and CTE-mediated GFP expression. 293Tcells
were transiently transfected with indicated plasmids, harvested 48 h post-
transfection, and 50 μg of total protein was subjected to Western blot analysis
with a GFP-specific antibody (A). To quantify the influence of LMB on GFP
expression, H1299 cells were transfected with indicated reporter genes and were
grown for 48 h in the presence (black bars) or absence (grey bars) of 5 nM LMB
prior to FACS analysis (B). The means obtained from three independent
transfections are given as percentage of huGFP-derived fluorescence. To
analyze effects of exogenous Sam68 on GFP expression, 293T cells were
cotransfected with respective GFP reporter genes in the presence (+) or absence
(−) of an HA-tagged Sam68 expression construct, and 50 μg of total protein was
analyzed by Western blot with GFP- and Sam68-specific antibodies (C).
Positions of molecular weight markers are denoted on the left, and GFP- and
Sam68-specific bands are indicated by an arrow on the right.
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reporter in 293T cells was recently shown to be boosted in
the presence of exogenous Sam68, a cellular RNA binding
protein (Coyle et al., 2003). To test whether coexpressed
Sam68 was also capable of enhancing CTE-mediated expres-
sion of the UTR-hivGFP message, we cotransfected 293T cells
with the various GFP reporters together with an HA-tagged
Sam68 expression construct. Indeed, Western blot analysis
demonstrated that CTE-directed GFP expression was signifi-
cantly improved in 293T cells upon overexpression of Sam68
(Fig. 7C). However, exogenous Sam68 did not substantially
elevate huGFP levels, and enhancement of Rev/RRE-depen-
dent expression was comparably moderate. Similar results
were obtained by FACS analysis, where expression of UTR-
hivGPF-CTE was increased by more than 50% in the presence
of HA-Sam68 (data not shown). These observations are in
accordance with recent reports by Coyle et al. (2003)
indicating that the Sam68 effect upon CTE function was
highly specific. In sum, these data further approve theapplicability of our GFP reporter for analysis of differential
retroviral gene expression.
Discussion
Success of late lentiviral gene expression strictly depends on
the concerted action of various cis- and trans-acting viral and
cellular factors promoting nuclear export of non-terminally
spliced viral messages. We and others have previously
demonstrated that nuclear export restrictions basically imposed
by proposed AU-rich inhibitory sequence elements (Maldarelli
et al., 1991; Schwartz et al., 1992a, 1992b), inefficient splicing,
and Rev/RRE interaction (reviewed in Cullen, 2003) can be
overcome by transferring the codon usage of highly expressed
mammalian genes to late HIV-1 transcripts (Graf et al., 2000;
Haas et al., 1996; Kotsopoulou et al., 2000; Nguyen et al.,
2004). These GC-rich messages have been shown to be
exported via a CRM1-independent pathway in the absence of
RRE and Rev allowing for high level protein expression which
cannot be attributed to enhanced translational efficiencies of the
codon-optimized genes (this study, Gao et al., 2003).
However, the critical contribution of distinct cis-acting
elements towards conferring Rev dependence and directing
mRNAs into the CRM1-mediated export pathway is still
controversially discussed. Here, we have shown that adaptation
of the huGFP sequence to the HIV codon bias is a sufficient
prerequisite to render GFP expression Rev-dependent. Accord-
ingly, we could demonstrate that hiv-like GFP mRNAs (i) need
to be stabilized by the 5′ major SD in the nucleus, (ii) require a
functional 3′ RRE for Rev response, (iii) depend on the nuclear
CRM1-mediated export pathway of late lentiviral genes, and
(iv) can partly be rescued by the MPMV-derived CTE. These
findings suggest that any randomly chosen gene can be subdued
to quasi-lentiviral gene regulation by applying codon bias of
late HIV-1 transcripts together with the corresponding splicing
signals and the Rev/RRE export machinery.
Besides, Northern blot analyses revealed that spliced hivGFP
RNA coproducts nicely mimic multiply spliced HIV-1 mRNA
species that are rapidly translocated from the nucleus to the
cytoplasm in a Rev-independent manner. Splicing of the
hivGFP RNAs was induced in the presence of the 5′ major
SD resulting in a∼300-bp mRNA species that chiefly correlates
with the calculated length of an RNA utilizing the 5′ major SD
site and two closely adjacent suboptimal SA sites located in the
3′ part of the RRE (O'Reilly et al., 1995; Staffa and Cochrane,
1994). These two sites were also confirmed in silico by using a
splice site prediction program (http://genes.mit.edu/burgelab/
maxent/Xmaxentscan_scoreseq_acc.html). Whereas this algo-
rithm did not identify any additional SD or SA sites within
hivGFP, a second acceptor was predicted to map in the 5′ part of
the huGFP sequence, which may account for the larger RNA
splice product found in huGFP-transfected cells (Fig. 6).
However, whereas huGFP-derived RNAvariants appeared to
be stable per se, hivGFP RNAs lacking the 5′ major SD were
rapidly degraded in the nucleus. Thus, a functional 5′ splice site
may contribute to increased gene expression prior to splicing by
providing binding sites for stabilizing factors as has been shown
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experiments by Nguyen and colleagues with native and codon-
optimized versions of the accessory vpu and vif genes have
clearly demonstrated that the lack of accumulation of the
corresponding wild-type transcripts in the cytoplasm was not
due to compromised transcription but rather a consequence of
rapid degradation of the AU-rich messages withheld in the
nucleus (Nguyen et al., 2004).
Thus, codon bias seems to be the major determinant of RNA
instability restricting expression of late lentiviral genes and,
thus, expression of hiv-like GFP. RNA stability is basically
determined by secondary structures and enthalpy which are in
turn defined by the GC and AU content of the message. Apart
from thermodynamic conditions, specific AU-rich binding
motifs have been assigned a role in promoting RNA
degradation. In particular adenylate/uridylate-rich elements
(AREs) located in the 3′ untranslated region of many cellular
mRNAs have been shown to direct rapid nuclear RNA
degradation thereby contributing to a controlled expression of
proto-oncogenes (reviewed in Chen and Shyu, 1995). During
the last years, increased attention has been drawn to vaguely
defined AU-rich RNA sequences referred to as INS or CRS,
which have been demonstrated to play a decisive role in export
restrictions of late lentiviral transcripts (Schneider et al., 1997;
Schwartz et al., 1992a, 1992b).
Recently, Wolff and colleagues have developed a valid
algorithm for INS prediction based on a combined approach
using bioinformatics and Rev-dependent reporter gene expres-
sion (Wolff et al., 2003). Indeed, this method helped to identify
so far unknown INS regions within pol, env, and nef sequences
that might provide binding sites for regulatory proteins. In this
regard, various cellular factors have been reported to bind
specifically to AU-rich sequence elements thereby modulating
RNA metabolism, stability, nuclear, and cytoplasmic trafficking
or translational efficiency of non-terminally spliced mRNAs.
Among those proteins, several specific INS binders potentially
contributing to instability, nuclear retainment, and Rev
dependence of late lentiviral RNAs were identified such as
the polyadenylate-binding protein PABP1 or the splicing
component hnRNP A1, both interacting with INS-1 in p17gag
(Afonina et al., 1997; Najera et al., 1999). Another splicing
component, hnRNP C, has been shown to bind to a cis-acting
repressive sequence (CRS) located in the pol-gene (Olsen et al.,
1992), and recently, the heterodimeric factor PSF/p54nrb has
been demonstrated to modulate expression of INS-containing
gag and env RNAs (Zolotukhin et al., 2003). Furthermore, some
cellular proteins have been suggested to assist in Rev-dependent
lentiviral RNA export by bridging or strengthening interactions
of Rev with CRM1 or the nuclear pore complex like the
eukaryotic initiation factor 5A (Elfgang et al., 1999 and
references therein) or the recently described DEAD box RNA
helicase DDX3 (Yedavalli et al., 2004). Yet other Rev cofactors
like the nucleoporin hRIP, the kinesin-like protein REBP or
hnRNP A2 have been implicated in nuclear or cytoplasmic
trafficking or sub-compartmental localization of non-terminally
spliced viral RNAs (Beriault et al., 2004; Venkatesh et al.,
2003). Besides, the cellular RNA binding protein and proposedRev interactor Sam68 has been assigned a role in promoting
CRM1-mediated Rev nuclear export, HIV-1 RNA 3′end
processing or cytoplasmic utilization of intron-containing
RNAs (Coyle et al., 2003; Li et al., 2002; McLaren et al.,
2004). In our experimental setting, overexpression of Sam68
had a clear positive effect on CTE function in 293T cells,
whereas a formerly reported enhancement of Rev/RRE-
mediated reporter expression could not be confirmed (Reddy
et al., 1999). This might be explained by a restricted support of
CTE-mediated reporter expression by endogenous Sam68,
described for this specific cell-line (Coyle et al., 2003).
However, distinct RNA binding motifs have only been
precisely described for some of the abovementioned proteins.
The critical contribution of corresponding cis-active elements
possibly created by codon adaptation, to the expression profile
of the HIV-like GFP reporter will have to be carefully
considered and further experiments are currently underway to
clarify these aspects.
As green fluorescent protein is a widely established and
easily evaluable reporter system, the Rev-dependent UTR-
hivGFP-RRE construct provides various possibilities for the
development of screening assays allowing Rev-dependent
upscaling of reporter gene expression and thus quantifying the
responsiveness to mutated or attenuated Rev proteins or new
Rev-targeted antiviral inhibitors. In this context, it should be
mentioned that an established chloramphenicol acetyltransfer-
ase (CAT) assay has widely been used to analyze Rev function.
The corresponding reporter pDM128 provides a cat gene
inserted into an HIV-1 intron that contains the RRE, thus
rendering CAT expression Rev-dependent. CAT expression has
been shown to be rescued in the presence of Rev that kinetically
competes with splicing (Hope et al., 1990). Although transaction
rates obtained with our reporter (10-fold) were basically lower
than reported for the CAT system (20- to 100-fold—depending
on the experimental setting), our results nicely coincide with the
formerly described subgenomic Gag reporter (Graf et al., 2000)
that appears to more closely reflect the natural HIV context. As
described for the CAT reporter, Rev-mediated reduction in
splicing was also observed for both hivGFP and huGPF variants
harboring the 5′ SD and the 3′ SA downstream of the RRE
sequence. However, in the absence of Rev, translocation of
unspliced huGFP transcripts was still much more efficient than
export of the quasi-lentiviral RNAs which points to a partly
splicing-independent mechanism due to intrinsic instability or
active retention of the AU-rich hivGPF messages in the nucleus
by yet unknown cellular cofactors. Notably, a potential
contribution of nuclear retention signals within the CAT
encoding sequence to Rev dependence has never been analyzed.
It is therefore worth mentioning that the cat gene is quite AT-rich
(55%), closely resembling HIV-1 gag composition (56%). In the
light of AU-rich elements involved in nuclear export regulation,
it might be interesting to compare expression profiles of a codon-
optimized versus an HIV-adapted cat variant in the established
reporter context.
Apart from the specific quasi-lentiviral features noted above,
the GFP reporter also provides some technical advantages over
the rather laborious isotopic CAT assay, above all non-isotopic
303M. Graf et al. / Virology 352 (2006) 295–305and quick read-outs via FACS, fluorimeter or microscopy of
living cells. We further hope that this quasi-lentiviral model
system may help to extend our present understanding of nuclear
retention mechanisms thereby providing new insights in Rev-
dependent export regulation of unspliced lentiviral transcripts.
Material and methods
Plasmid DNA construction
For generation of the eukaryotic expression vector pc-huGFP
a codon-optimized synthetic gene encoding the green fluores-
cent protein of Aequorea victoria (huGFP; Genbank accession
no. AX511259) was used as template for PCR along with
oligonucleotides 5′-GATCGAATTCAACCATGGTGAGCAA-
GGGCGAGGAG-3′ and 5′-GATCCTCGAGAAGGATCCTT-
TACTTGTACAGCTCGTC-3′. The resulting fragment was
digested with EcoRI and XhoI and inserted into pcDNA3.1
(Invitrogen). For construction of the pc-hivGFP expression
plasmid, a matrix displaying the codon usage of HIV-1IIIB Gag
protein was generated using the gcg software (Wisconsin
genetics computer group) and was used to backtranslate the
amino acid sequence of GFP into an artificial hivGFP sequence.
This synthetic hivGFP gene exhibiting the codon usage of late
HIV-1 genes was generated by Geneart AG via stepwise PCR
amplification. Briefly, three subfragments – each constructed
with three pairs of overlapping oligonucleotides–were amplified
by PCR as described previously by Graf et al. (2000). Using
appropriate terminal oligonucleotides, EcoRI and NcoI restric-
tion sites were introduced 5′ and BamHI and XhoI sites 3′ of the
coding sequence. Following ligation of the subfragments, the
final hivGFP fragment was inserted into pcDNA3.1 via EcoRI
and XhoI restriction resulting in pc-hivGFP.
All subgenomic HIV-1-derived sequences were generated by
PCR amplification with provirus HX10 as template (GenBank
accession no. M15654). The untranslated region (UTR) located
upstream of the gag sequence was amplified by PCR using
oligonucleotides 5′-ATCGAATTCCGACGCAGGACTCGGC-
TTGC-3′ and 5′-GATCCCATGGCTCTCTCCTTCAGCCTC-
CG-3′. Following digestion with EcoRI and NcoI, the resulting
103-bp fragment was inserted upstream of the GFP encoding
regions of pc-huGFP and pc-hivGFP resulting in pc-UTR-
huGFP and pc-UTR-hivGFP, respectively. The Rev-responsive
element (RRE) was amplified using oligonucleotides 5′-
GATCGGATCCGAGATCTTCAGACCTGGAGGAG-3′ and
5′-GATCCTCGAGGTTCACTAATCGAATGGATCTG-3′.
Following digestion with BamHI and XhoI the corresponding
fragment was inserted downstream of the GFP encoding regions
of pc-huGFP, pc-hivGFP, pc-UTR-huGFP, and pc-UTR-
hivGFP resulting in pc-huGFP-RRE, pc-hivGFP-RRE, pc-
UTR-huGFP-RRE, and pc-UTR-hivGFP-RRE, respectively.
For synthesis of the eukaryotic Sam68 expression construct,
Sam68 coding cDNA was generated via RT-PCR from human
B-lymphocyte-derived cytoplasmic RNAwith oligonucleotides
5′-ATCATCTGATCAATGCAGCGCCGGGACGACCC-3′
and 5′-GATGAATTCTCATTAATAACGTCCATATGGGTGC-
TCT-3′ comprising BclI and EcoRI restriction sites, respectively.The corresponding PCR product was cloned into the BamHI/
EcoRI-linearized eukaryotic expression vector pcDNA3-HA
providing inserted sequences with a 5′-HA-tag.
Generation of the plasmid pc-ERR comprising an RRE
variant cloned in inverse orientation has been described
previously (Graf et al., 2000). Sequences were aligned using
the DNAMAN software (Lynnon biosoft, version 5.2.9).
Cell culture and transfection
The adherent human lung carcinoma cells H1299, the African
green monkey kidney COS-7 cells and the adherent human
kidney epithelial cells 293Twere grown in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum. For transfections 2.5 × 105 or 1 × 106 cells were plated on
6-well or 10-cm dishes and transfected 24 h later with the given
amounts of plasmid DNA, respectively using the calcium
phosphate precipitation technique. Leptomycin B (LMB) was
added to cell culture supernatants 24 h prior to cell harvest.
Western blot
Cells were harvested 48 h posttransfection, washed two
times in PBS, lysed in 0.5% Triton X-100, 100 mM Tris/HCl
(pH 7.4), and subjected to repeated freeze/thaw cycles.
Unsoluble components were removed by centrifugation
(20,800 × g, 5 min), and the total amount of protein was
determined using the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Germany) following the manufacturer's instruc-
tions. Fifty micrograms of total protein was separated by
sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gel
electrophoresis (PAGE) and transferred to nitrocellulose.
Expression of GFP was detected with a GFP-specific mono-
clonal antibody (Clontech) and visualized by chromogenic
staining or chemiluminescence.
In vitro transcription/translation
Using a TNT coupled reticulocyte lysate system (Promega),
500 ng of purified plasmid-DNA providing a T7 promoter was
transcribed and translated in the presence of [35S]methionine for
1 h at 30 °C. Proteins were then subjected to SDS-PAGE and
visualized by autoradiography.
FACS and fluorimeter analysis
For FACS analysis transfected cells were harvested 48 h
posttransfection and resuspended in 0.1% PBS/NaH3. Fluores-
cent-activated cell sorting was performed with a FACS Calibur
from Becton Dickinson. Alternatively, harvested cells were
treated as described for Western blot analysis, and 50 μg of total
protein diluted in 2.5 ml PBS was subjected to a fluorimeter.
Northern blot
Nuclear and cytoplasmic RNA species were prepared using
RNeasy-Kit (Qiagen) following the manufacturer's instructions.
304 M. Graf et al. / Virology 352 (2006) 295–305Plasma membranes of 107 transfected cells were lysed using
175 μl lysis buffer (50 mM Tris, 140 mMNaCl, 1.5 mMMgCl2,
0.5% NP-40, pH 8.0), and nuclei were separated from the
cytoplasm by centrifugation (300 × g, 2 min). Nuclear and
cytoplasmic RNAs were prepared from the corresponding
fractions using RNeasy spin columns, and polyadenylated
mRNAwas isolated using the Oligotex mRNA Kit from Qiagen
following the manufacturer's instructions. For Northern blot
analysis, RNA preparations were separated on a 1% agarose gel
(40 mM morpholinepropanesulfonic acid, 10 mM NaAc, 1 mM
EDTA, 6.5% formaldehyde, pH 7.0) and capillary-blotted onto
a positively charged nylon membrane. The membrane was
hybridized with a radiolabeled probe at 50°C over night.
Hybridization was visualized by exposure to a phosphor imager
screen and analyzed using Molecular Analyst Software (Bio-
Rad). An RRE-specific radiolabeled riboprobe was generated
by in vitro run-off transcription of XhoI-linearized pCMV-ERR
using Riboprobe in Vitro Transcription Systems (Promega)
according to the manufacturer's instructions. A β-actin-specific
radiolabeled DNA probe was synthesized by random priming
and elongated with Ladderman Labeling Kit (Takara Biochem-
ical) following the manufacturer's instructions. The β-actin
cDNA was released by digestion of pGEM-β-actin with Hind
III and EcoRI and gel purified.
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